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An amino acid-sensing pathway regulates mTOR complex 1 (mTORC1) activity and participates in nutrient
control of cell metabolism and growth. Sancak et al. (2010) identify a lysosomal membrane-localized
super-complex that drives amino acid-dependent mTORC1 activation.Cell growth and proliferation place heavy
demands on the metabolic machinery,
which supplies both bioenergy in the
form of ATP, and building blocks for
macromolecular synthesis. Single-celled
eukaryotes, such as budding yeast, expe-
rience wide fluctuations in nutrient supply
and rely heavily on regulatory pathways
that coordinate nutrient availability with
the biosynthetic rates. In contrast, meta-
zoan organisms, including mammals,
deliver nutrients to tissues via the circula-
tion system, and sophisticated homeo-
static control mechanisms insure that
peripheral cells are bathed in a relatively
constant supply of amino acids, glucose,
and other metabolic substrates, in spite
of variable amounts of food intake. Mam-
malian cell growth, unlike that of yeast
cells, is not normally limited by nutrients,
but rather by the availability of insulin
and other polypeptide growth factors.
However, nutrient-sensing and response
pathways remain operational in mamma-
lian cells, and the importance of these
pathways comes to the fore in pathologic
settings, such as obesity, diabetes, and
cancer (Newgard et al., 2009; Vander
Heiden et al., 2009).
A pivotal node in the amino acid
sensing-response pathway is the pro-
tein serine-threonine kinase, mTOR, and,
specifically, the subpopulation of mTOR
polypeptides residing in mTORC1, one
of two known mTOR complexes in mam-
malian cells (Sabatini, 2006). In amino
acid-starved cells, mTORC1 is inactive
as a protein kinase. Cellular exposure to
amino acids stimulates mTORC1 activ-
ity and triggers the phosphorylation of
downstream effectors, such as protein
S6 kinase 1 (S6K1), that increase protein
synthesis. Amajor, long-standingmystery
in themTOR field surrounds themolecular
events that couple amino acid availability
to the protein kinase activity of mTORC1.A recent series of reports, culminating
with a fascinating new study published in
Cell (Sancak, et al., 2010), indicates that
the mysteries of the amino acid sensing-
response pathway are finally being
unraveled.
The first chapter in this saga emerged
with the identification of the Rag GTPases
(designated RagA to RagD) as critical
elements in the pathway that links amino
acid availability to mTORC1 activation
(Kim et al., 2008; Sancak et al., 2008).
In amino acid-replete cells, Rag hetero-
dimers containingGTP-boundRagB (e.g.,
RagBGTPdRagDGDP) interact with the
Raptor subunit of mTORC1, and promote
the translocation of mTORC1 to an endo-
membrane compartment—its presump-
tive site of activation (Sancak et al., 2008).
These reports opened several conceptual
gaps, not the least of which was the iden-
tity of the endomembrane compartment
that supports mTORC1 activation, and
the exact roles of the Rag GTPases in
this process.
Sancak et al. (2010) now identify the
lysosomal membrane as the host for
a series of protein-protein interactions
that drive the activation of mTORC1
in response to amino acid stimulation.
The authors identified a lysosomal mem-
brane-bound, heterotrimeric protein com-
plex, termed the ‘‘Ragulator,’’ as the scaf-
folding apparatus that inducibly links
mTORC1 to the lysosomal membrane,
with the RagBGTPdRagC/DGDP hetero-
dimer serving as the bridge between
mTORC1 and Ragulator. The association
of mTORC1 with lysosomal membranes
promotes mTORC1 activation by coap-
proximating mTORC1 with yet another
Ras-related GTPase known as Rheb1,
an established mediator of stimulatory
signals to mTORC1 activation by amino
acids and other stimuli. A noteworthy
observation is that insulin-dependentCell MetabolismTORC1 activation is strongly dependent
on the presence of amino acids, and on
the integrity of the lysosome-associated
Ragulator complex (Sancak et al., 2008,
2010). These findings place the lyso-
some-bound Ragulator at the nexus
of both the amino acid and insulin-
dependent pathways that converge on
mTORC1.
To define the Ragulator complex, San-
cak et al. (2010) used a coupled coimmu-
nopreciptation/proteomic approach that
has previously yielded an abundance
of mTOR pathway components for this
laboratory. The authors expressed epi-
tope-tagged versions of RagB or RagD
in human embryonic kidney 293T cells,
and identified three coprecipitating pro-
teins—MP1, p14, and p18 (also known
as MAPKSP1, ROBLD3, and c11orf59,
respectively). These three proteins collec-
tively comprise the Ragulator complex,
and their interactions with RagBdRagD
are independent of amino acids. Interest-
ingly, yeast cells do not express identifi-
able orthologs of the Ragulator compo-
nents, suggesting that the mechanism of
amino acid sensing is at least partially
divergent in mammalian versus yeast
cells. The p18 subunit of Ragulator is lipi-
dated, and this modification is required
for anchorage of p18 and the entire Ragu-
lator complex to the lysosomal mem-
brane. Notably, a rare genetic disease,
characterized by immunodeficiency and
growth defects, has been linked to
reduced expression of p14 in humans
(Bohn et al., 2007). Mice lacking either
p14 or p18 die in utero, and these
embryos exhibit severe growth retarda-
tion (Nada et al., 2009; Teis et al., 2006).
These earlier findings implicated the lyso-
some in organismal growth control, and
the new report by Sabatini and coworkers
suggests that one (but perhaps not
the only) growth-related function of them 11, May 5, 2010 ª2010 Elsevier Inc. 341
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Figure 1. Amino Acid-Induced mTORC1 Activation
In amino acid-deprived cells, the lysosome-associated Ragulator-Rag complex contains RagBGDP and mTORC1 is diffusely distributed through the cytoplasm in
an inactive state. Amino acids stimulate the formation of RagBGTPRagDGDP heterodimers, and, in turn, the association of the Raptor subunit of mTORC1 with the
Rag-Ragulator complex. The resulting supercomplex promotes the interaction of mTORC1 with active RhebGTP, which stimulates mTORC1 kinase activity, and
drives the phosphorylation of downstream effectors such as S6K1.
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to the Rag-Ragulator-mTORC1 super-
complex.
The findings by Sancak et al. (2010)
offer crucial insights into the mechanism
whereby mTORC1 activity is stimulated
by amino acids (Figure 1). In the absence
of amino acids, the RagBGDPdRagC/DGDP
heterodimer is constitutively associated
with the Ragulator. Amino acids stimulate
loading of GTP onto RagB, and the resul-
tant RagBGTPdRagC/DGDP heterodimer
inducibly binds to mTORC1 (via the
Raptor subunit), thereby bridging
mTORC1 to the Ragulator complex (San-
cak et al., 2008, 2010). This series of
events coapproximates mTORC1 with
lysosome-localized RhebGTP, promoting
mTORC1 kinase activation. Remarkably,
modification of the mTORC1 subunit,
Raptor, with lysosomal membrane-tar-
geting sequences from two heterologous
proteins (Rheb1 and Rap1b) was suffi-
cient to render mTORC1 signaling insen-
sitive to amino acids. However, this lyso-
some-associated form of mTORC1
could be further activated by insulin stim-
ulation, consistent with the idea insulin
augments mTORC1 activity via a parallel
pathway that stimulates the accumulation
of Rheb1GTP, presumably also at the level
of the lysosomal membrane.
The latest publication from the Saba-
tini laboratory (Sancak et al., 2010)342 Cell Metabolism 11, May 5, 2010 ª2010dramatically enhances our understand-
ing of mTORC1 regulation, but leaves
some significant questions open for
future investigations. First, additional
work is needed to uncover the se-
quence of events that couple amino
acid stimulation to the accumulation of
RagBGTPdRagDGDP on the lysosomal
membrane. Second, the Ste20-related
protein kinase, MAP4K3, is implicated in
nutrient-dependent mTORC1 activation
(Yan et al., 2010), but the interplay
between MAP4K3 and the Rag-Ragu-
lator-mTORC1 super-complex remains
undefined. Third, one wonders whether
the lysosome serves more than an endo-
membrane donor function with regard to
mTORC1 regulation and function. Forced
relocalization experiments performed by
Sancak et al. (2010) suggest that other
membrane compartments also effec-
tively support the mTORC1-Rheb interac-
tion leading to S6K1 phosphorylation.
Perhaps other functions of mTORC1,
including the suppression of autophagy
(a lysosome-dependent process), will
exhibit a stricter dependence on localiza-
tion to the lysosomalmembrane. From the
broader perspective, we can expect that
the lysosome—once thought of as simply
an intracellular protein recycling plant—
will be increasingly linked to regulatory
pathways that influence cell behavior in
health and disease.Elsevier Inc.REFERENCES
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